The effects of the nitrided case produced by gas nitriding processes on the mechanical and corrosion resistance properties of the JIS SACM 645 steel were studied in this paper. JIS SACM 645 steel specimens with different substrate hardness were gas nitrided at 530˚C for various nitriding durations. Nitrided specimens were characterized by means of optical and scanning electron microscopy, X-ray diffraction, glow discharge optical spectrometry, microhardness profiling, wear test, torsion mode fatigue test as well as electrochemical corrosion test in an aerated 3.5% NaCl solution. The surface hardness values of the nitrided specimens with Fe 3 N and Fe 4 N phases precipitated in the case layer were observed higher than 1000 HV 0.1 . Mass loss measurement of the wear test showed increases of wear resistance of the nitrided specimens, and the mass losses of the specimens were strongly influenced by nitriding durations. Electrochemical measurements showed that corrosion current density of the specimens was significantly decreased after nitriding and the corrosion potential was shifted to the noble direction as the increase of the nitriding durations. The fatigue limit of the specimen nitrided for 96 h rose 44% to 600 MPa in exceeding the untreated specimen in this study.
Introduction
The positive effects of surface treatments like nitriding on the fatigue and wear properties of structural steel have been known for several decades. Tools and components used in the severe environment must have excellent fatigue resistance and wear resistance. Consequently, the structural steel of those components should be always surface modified to provide these needed properties. The surfaces of these components are required to attain high hardness values to resist wear, and the inner cores still need to have high toughness strength [1, 2] . Therefore, various methods, such as nitriding, carburizing, ceramic coating and thermal chemical treatments, have been devised to improve the surface mechanical properties of the components [3] [4] [5] . Among those surface treatment processes, the gas nitriding methods have been used extensively to enhance the mechanical properties of steel components [5] [6] [7] [8] [9] [10] [11] [12] [13] . During the gas nitriding treatment, nitrogen, which is provided by the catalytic dissociation of ammonia, diffuses through the steel surface to form a concentration gradient as well as nitride precipitates in the nitriding case. The solid solution of nitrogen in the metal substrate and the nitride precipitates are responsible for the increase of hardness and compressive macrostresses in the diffusion layer [7] .
The fatigue characteristics of nitrided SACM 645 steel were investigated by Bell et al. [5] . According to the nitriding condition and notch shape, the improvement of the fatigue characteristics of the notched specimens was more effective than unnotched specimens. Peng [11] investigated ammonia-gas nitriding on AISI 304 austenitic stainless steel at temperatures higher than 800˚C. The result from Peng showed that a metas phase named 'S-phase' or 'γ N -phase' (expanded austenite) was formed at such high temperatures due to a sufficiently high nitriding potential of ammonia gas. Ashrafizadeh [12] further concluded that the compound layer had no significant influence on fatigue limits, but instead it was the diffusion layer which had the dominating effect on the fatigue behavior of nitrided specimens. Pellizzari [13] also reported that the hard porous compound layer was brittle and favored crack initiation to decrease the thermal fatigue resistance. As the reasons for the improvement in fatigue limit have not been known, there are also lack of studies on the quantitative relations between process parameters of the surface treatment and the fatigue limits. The aim of present study is to investigate the effects of different gas nitriding parameters on the mechanical and corrosion properties of the SACM 645 steel, as well as the effect of the substrate hardness on the wear, fatigue and corrosion properties of nitrided SACM 645 steel specimens.
Experimental Procedures
The chemical composition (wt%) of the specimen analyzed by a glow-discharge optical emission spectroscope (LECO, GDOES-750) is listed in Table 1 . The specimens were quenched and tempered to the substrate hardness of 30, 35 and 40 HRC before nitriding. The surfaces of specimens were fine-ground using abrasive papers to a 1200-grit finish and cleaned with acetone solution in an ultrasonic cleaner. Treatments were carried out in a gas nitriding furnace and the process parameters used in the nitriding of steel was set at 530˚C for 12 h, 24 h, 48 h, 96 h. The chamber atmosphere was filled with NH 3 gas at a flow rate of 0.6 ml/min. To classify the specimens undergone various treatment conditions, specimen abbreviations are coded in Table 2 .
The cross-sectional microstructure of the specimens was revealed using a chemical solution of 95 ml alcohol +5 ml HNO 3 , and was observed on an optical microscope (Nikon OPTIPHOT-100). The fracture surface of the nitrided specimen through fatigue test, conducted on a torsion mode machine with 3600 rpm at room temperature, was examined on a JEOL JSM-5600 scanning electron microscope (SEM). The phases precipitated in the case layer of the nitrided specimen were characterized on an X-ray diffractometer with a Cu-Kα radiation source over the 2θ range from 20˚ to 120˚. Microhardness was measured by using a Vickers microhardness tester with the applied load of 100 g. The wear resistance of the nitrided specimens was investigated on a non-lubricated block-on-roller tester. The counter-roller on the block- Table 2 . Codes of specimens and treatments.
code Treatment X-TMS Quenched and tempered to X HRC XC-GNY Substrate hardness of X HRC + Gas nitrided at 530˚C for Y hours on-roller tester was made of JIS SKS3 (AISI O1) tool steel with hardness of 62HRC. A normal load of 95.9 N was applied on the roller and the counter-roller was rotated at 180 rpm. Fatigue tests were carried out in torsion mode at a stress reversal frequency of 3600 rpm. The fatigue limit was determined by the so-called staircase method and was defined at 10 7 cycles. The corrosion behavior was evaluated by electrochemical analysis. Potentiodynamic polarization measurements were carried out using a conventional three-electrode cell housing a working electrode, a platinum counter electrode, and a saturated silver chloride (SSC) reference electrode in a 3.5% NaCl solution at 25˚C. The potentiodynamic scan was recorded starting from corrosion potential of -0.6 V to 1.0 V in a potential scan rate of 1 mV/s. Figure 1 shows the cross sectional micrographs of nitrided specimens produced by the gas nitriding treatment at 530˚C of different time durations. The specimens were mechanically fine-ground and polished, followed by etching in a 5% Nital solution. A slightly etched outer white compound layer of approximately 15 m was observed and were soundly bonded with the nitrogen diffusion layer underneath. Moreover, compound layer without voids and porosities was obtained for all nitrided specimens with the substrate hardness of 30 HRC, even as the nitriding duration prolonging to 96 h. In comparison, the compound layer of specimen with substrate hardness of 40 HRC exhibited a non-homogeneous structure as shown in Figure 1(e) . As seen in the diffusion zone, nitrogen was dissolved in the tempered martensite substrate at 530˚C and nitride precipitates were observed due to the decrease of solubility of nitrogen [12] .
Results and Discussion

Microstructures
Measurement of averaged case thickness was carried out by taking measurements at 5 different positions on the micrograph in Figure 1 . Images of Figure 1(a) to  1(d) showed the thickness of white layers was about 15 ± 5 μm and the diffusion layer thickness was about 300, 550 μm, 800 μm and 1100 μm, respectively. The thickness of diffusion layers was evidently increased with prolonging nitriding duration. The case thickness was strongly correlated to the microhardness profiles of the nitrided specimens as shown in Figure 2. 
Microhardness
The cross sectional hardness profiles of nitrided specimens in given conditions are shown in specimens showed high surface microhardness values to about 1100 HV 0.1 . Based on the CNS 14288-G2272 standard [14], the effective case depth of the nitrided specimen was calculated as the case hardness value reaches the substrate hardness plus 50 HV. The effective case depth of the specimens in Figure 2 as a function of the nitriding duration was shown in Figure 3 . As can be seen, the effective case depth increased as the increase of the nitriding duration. It can be observed in Figure 2 that hardness value monotonically drops from the case surface to the substrate. Due to the hardening and trapping effects of the ε-phase (Fe 3 N) and γ'-phase (Fe 4 N) in the nitrided layer, hardness profiles of the diffusion layer decreased exponentially from the surface. The observed result was in agreement with Suh et al. [2] . A considerable increase in the microhardness of the diffusion zone can be achieved by increasing the amount of supersaturated dissolved nitrogen (solid solution strengthening) [12] . As prolonging the nitriding duration, the effective case depth of specimen treated for 96 h increased to 690 μm.
XRD Examinations
The X-ray diffraction (XRD) patterns at distinct case depths of 30C-GN48 specimen nitrided at 530˚C for 48 h are shown in Figure 4 . The figure depicted the presence of Fe 2 O 3 peaks in the outer case surface. In order to identify the constituents at distinct case depths, the nitrided specimen was carefully sliced off layer by layer of every 30 μm towards the substrate to expose the white compound layer and diffusion layer of the nitrided case.
At case depth of 30 μm, the presence of dominant peaks of the ε-phase (Fe 3 N) and minor peaks of the γ'-phase (Fe 4 N) were detected. At depth of 110 μm and 200 μm from surface, the presence of broaden peaks of martensite phase showed the trapping effect of nitrogen atoms; it was worth noting that peaks of ε-phase (Fe 3 N) and γ'-phase (Fe 4 N) were not spotted. At the substrate, the dominant peaks in the XRD pattern were the tempered martensite phase. Other nitrided specimens of different nitriding parameters have depicted similar XRD patterns as those shown in Figure 4 . 
Wear Behavior
Figure 5(a) shows the effect of nitriding duration on the cumulative wear mass loss of the nitrided specimens. The nitrided specimens exhibited only small amount of cumulative mass losses (in the order of 10 -2 g) as a result of the hard compound layers of the nitrided cases. The cumulative mass loss was decreased as the increase of the nitriding duration. The amount of cumulative mass loss of the specimen nitrided for 48 h was only 0.01 g. The wear resistance after nitriding was significantly improved with increase of the nitriding duration. Figure  5(b) shows the effect of different substrate hardness values on the cumulative wear mass losses of the nitrided specimens. It was observed that the increases of the substrate hardness values of the specimens nitrided for 48 h resulted in the decreases of the cumulative mass loss.
Scanning electron microscope (SEM) micrographs of the wear tracks for both the untreated and nitrided surfaces after wear testing at a load of 95.9 N for 3 h are shown in Figure 6 . On non-nitrided tempered martensitic specimen (30-TMS), severe abrasive wear was observed (Figure 6(a) ), whereas the nitrided specimen (30C-GN48) revealed very mild abrasive and adhesive wear tracks on the surface as shown in Figure 6(b) . Figure 7 shows the fatigue characteristics of untreated and gas nitrided specimens under different nitriding conditions. Fatigue test was carried out in torsion mode at a stress reversal frequency of 3600 rpm. The fatigue limit of the S-N curves for all testing specimens was defined at 1.0 × 10 7 cycles without fatigue failure. The fatigue limit of the non-nitrided specimen (30-TMS) was 416 MPa, whereas the fatigue limits of the 30C-GN12, 30C-GN24, 30C-GN48 and 30C-GN96 nitrided specimens were 539, 574, 590 and 600 MPa, respectively. The increase of fatigue limit of the 30C-GN96 specimen was 44.2% compared to the tempered martensitic substrate (30-TMS) specimen observed. Suh et al. [2] reported the rotary bending fatigue characteristics of nitrided SACM 645 steel and found that the fatigue crack was initiated beneath the nitrided layer by residual compressive stress on the surface. They indicated that the crack initiation was hindered by the nitriding layer, while the finding was similar to the work done by Buchhagen and Bell [15] . As shown in previous work [16] , the fatigue limit of the specimen with substrate harness value of 35 HRC nitrided for 48 h was reported at a value of 632 MPa, indicating that fatigue limit was affected by the substrate hardness.
Fatigue Behavior
Fatigue fracture surfaces of nitrided and non-nitrided specimens after fatigue test were further analyzed using SEM. Fractographic analysis revealed that the fatigue crack in the non-nitrided specimen (30-TMS) was initiated at the surface. A typical surface fatigue initiation site is shown in Figure 8(a) . In contrast, of the specimens nitrided for 48 h, the fatigue cracks were initiated beneath the nitrided layer close to the substrate-diffusion layer interface as shown in Figure 8(b) . Similar result was reported by Hussain [17] . As a result, the fatigue limit was improved by gas nitriding, and the fatigue limits increased with increasing nitriding duration.
Corrosion Behavior
The polarization curves of non-nitrided and nitrided specimens treated with different nitriding durations are shown in Figure 9 (a). The polarization curves in Figure  9 (a) indicated that the non-nitrided specimen did not passivate and endured a continuous dissolution with the corrosion current density (I corr ) of 1.0 × 10 -5 A/cm 2 . The corrosion potential (E corr ) of the nitrided specimens was shifted to the noble direction as the increases of the nitriding duration. The corrosion current density (I corr ) was significantly decreased after nitriding compared to the non-nitrided substrate, which indicated that the nitrided case impeded the anodic dissolution resulted in a very low corrosion current. The corrosion current densities (I corr ) of all nitrided specimens were fallen in the range between 3.0 × 10 -7 and 6.5 × 10 -7 A/cm 2 . Figure 9(b) shows the polarization curves of non-nitrided specimen and specimens nitrided for 48 h with different substrate hardness values. A noteworthy shift of the corrosion potentials to more positive values was observed as the substrate hardness of the nitrided speci-mens decreased. The polarization curves in Figure 9 (b) depicted that the corrosion potentials (E corr ) of 30C-GN48, 35C-GN48, 40C-GN48 specimen were about 100 mV, -150 mV and -300 mV. The shift of the corrosion potential (E corr ) of nitrided specimens with different substrate hardness may be caused by the non-homoge-neous compound layer structure such as cracks in the surface layer. Basso et al. [18] suggested that the porosities or cracks on the compound layer were pathways to connect the 3.5% NaCl solution and substrate through the nitrided case. The corrosion current density (I corr ) of the nitrided specimen with substrate hardness of 40 HRC, close to I corr of 30-TMS specimen, was about an order higher than the nitrided specimen with substrate hardness of 30 HRC. Consequently, the corrosion resistance was evidently influenced by the substrate hardness values.
Conclusions
From the X-ray diffraction patterns, Fe 2 O 3 peaks were detected on the case surface, and the ε-phase (Fe 3 N) and minor peaks of the γ'-phase (Fe 4 N) were appeared at the nitrided case depth of 30 μm. The surface hardness of the nitrided specimens reached values in the range between 1000 HV 0.1 -1100 HV 0.1 . Wear test data indicated that the mass loss of JIS SACM 645 steel was greatly improved by nitriding processes and the wear resistance of the nitrided specimens was significantly improved by extending nitriding duration.
The fatigue limit of the SACM450 steel was greatly improved by nitriding process. It was observed that the fatigue crack of the nitrided specimen was initiated beneath the nitrided layer. With the increase of the diffusion layer thickness, the fatigue limit increased by prolonging nitriding duration. The fatigue limit of 30C-GN96 specimen was 600 MPa which was a 44.2% increase over the 30-TMS specimen in this study. According to electrochemical measurements, the corrosion potential of nitrided specimen was shifted to the noble direction as the increases of the nitriding duration. The corrosion current densities of all nitrided specimens, in the range of 3.0 × 10 -7 ~ 6.5 × 10 -7 A/cm 2 , were at least an order lower than that of the non-nitrided substrate, 1.0 × 10 -5 A/cm 2 . As a result, the corrosion resistance was significantly improved by gas nitriding process.
